The solid oxide fuel cell (SOFC) system has emerged as an important technology for automotive and stationary applications. Modeling and simulation of the SOFC system have been utilized as an integral tool in an accelerated joint SOFC system development program.
INTRODUCTION
Fuel cells are being considered for many applications including automotive and stationary electric power. Solid oxide fuel cells are being considered and developed because of their high thermal and electrical efficiency. In addition, the high temperature unused energy is conducive to co-generation applications for heating, and to energy recovery in general. In the present case, an auxiliary power unit (APU) for automotive DC power is being analyzed for design development.
The SOFC consumes gaseous fuel (H 2 and CO) nominally produced by on-board reforming of hydrocarbon fuels (liquid gasoline or diesel, or gaseous methane). It electrochemically combines these fuels with oxygen, normally from air. Oxygen ions (O 2- ) are transported across a solid electrolyte (e.g. yttria-stabilized zirconia) at high temperature (e.g. 800°C) to an anode where they are oxidized and combined with H 2 and CO molecules to make H 2 O and CO 2 . GOALS - In determining which analysis activities should be undertaken, we had the following objectives in mind:
SYSTEM ANALYSIS
Overall System 1) Evaluating overall system configuration and connectivity options including various recycle stream options, and options for heat exchanger, type, locations and size. 2) Evaluating required energy transfers, resulting temperatures, and overall system efficiency (including pumping and other parasitics) of different proposed system designs. 3) Determining sub-system requirements associated with specific elected configurations including required stream mass flows and allowable branch pressure drops. 4) Determining system performance at various load conditions. 5) Evaluating dynamic system performance during start up to determine additional constraining requirements including allowable thermal mass and required heat transfers. 6) Evaluating intended controller performance by providing a 1-d plant model in the control environment (Matlab) for use with actual control software (Simulink / Dspace)
Reformer Sub-System 1) Determining optimum fuel to air ratios and operating temperatures to maximize stack fuel (H 2 and CO) production while minimizing equilibrium predicted carbon formation. 2) Determining the performance in number 1 for different compositions of inlet fuel -including diesel and gasoline. 3) Evaluating required level of heat transfer for inlet fuel vaporization at various flow rates and surrounding gas composition. Aspen provides for description of the system as a flowsheet. Shown in Figure 1 is a simplified block diagram of the APU system modeled with Aspen.
Reformer sub-system model -The reformer subsystem is modeled as a Gibbs reactor. This flowsheet element determines reformate flow, temperature and composition given reactant flow, temperature and composition, by minimizing Gibbs free energy. This unit operation takes in vaporized hydrocarbon fuel (various compositions), air, and other inputs.
Simplified SOFC cell stack sub-system model -The stack is modeled in various ways depending on the need. The simplest version is another Gibbs reactor into which the following streams flow:
1) Reformate from the reformer into the anode.
2) Pure O 2 representing the mole flow of O 2 through the electrolyte corresponding to the (assumed) amount of electrical current ( i) being drawn from the stack. This O 2 mole flow is determined according to:
For the purpose of determining stack power using this simple model, the stack voltage must be assumed. This assumption is valid for a single load point (according to the system design), however will be in error as either the stack electrical load or the reformate flow (or with less sensitivity the oxidant flow) to the cell is changed. As the cell electrical load is reduced, the cell voltage will increase from the assumed voltage condition.
Similarly, if the cell reformate flow is increased there may be a cell voltage increase depending on initial condition.
Detailed embedded stack sub-system modelAlternatively, the cell stack is modeled with an embedded Excel model developed at Pacific Northwest National Labs. This model is a detailed lumped parameter model, which predicts the polarization curve of the stack for various current draws. The model uses the following inputs: 1) Reactant molar flows 2) Reactant temperature 3) Reactant composition 4) Cell design parameters including total cell active area, thickness, porosity, etc. 5) Modified Butler-Volmer form coefficients for activation potentials.
And produces the following outputs:
1) Expected cell voltage versus assumed current density.
2) Fuel utilization
This more sophisticated stack model will be discussed in more detail later in this paper. When this model is run within the Aspen system model, it is possible to have an accurate prediction of power production and system conditions at a range of reformate flows and compositions.
Energy Recovery -The last major sub-system in the system model is the Energy Recovery Unit modeled with another Gibbs Reactor. The purpose of this unit is to burn the spent reformate, after it leaves the anode, for the following purposes: 1) Eliminate combustibles in the exhaust 2) Provide a source of heat for warming the inlet air streams both for reformer fuel vaporization as well as cathode cooling air pre-heat. The cathode cooling air must be pre-heated or it will damage the SOFC cells due to thermal shock.
Heat Exchangers -There are also a number of system heat exchangers, which are modeled with Aspen. The key ones are:
1) The cathode air pre-heat exchanger 2) The reformer air pre-heat and fuel vaporization exchanger 3) The combustor to reformer heat exchanger .
ASPEN MODEL IMPLEMENTATION -Aspen 10.2-1 produces comprehensive tabular data and plots regarding stream input and output conditions, however transmittable documentation of the design conditions present during the run is weak. To improve this an Excel interface using ActiveX automation was developed. The interface allows the user to specify design conditions on a worksheet in Excel. These conditions (e.g. Design Spec target temperatures and input stream conditions of temperature and flow) are then written (using Visual Basic for Applications -VBA) to the Aspen data hierarchy. The Aspen solver engine is then initiated from a VBA call. After the run is complete, relevant results (defined a priori) are read back from the Aspen data hierarchy and stored in the same column as the input conditions that created the run. Additionally, the results of other calculations (e.g. system efficiency, fuel to air ratio and the like) are reported in the Excel worksheet column. This column is then copied (manually or under VBA program control) to record the resultant performance at the (documented) specified condition. This facility is also extended to allow VBA driven looping of a range of operating conditions and design levels, the results of which are programmatically copied to blank columns for documentation purposes. Additionally, a simple scheduler routine reads desired repetitive changes (like power level, or target control temperatures) in a list, executes these changes and runs the model multiple times according to the design and operating point schedule.
Design Specs -Not visible on the flowsheet are the Design Specs. Design Specs are controllers with which one can specify a target (e.g. temperature) state on a selected stream. The controller adjusts some other state (e.g. another stream's flow) to a level that results in the target state on the selected stream. This approach was used for specifying, for example, the cathode flow rate based on stack cooling and target input temperature. These Design Spec's are Aspen's way of modeling anticipated control algorithmsalthough they are limited in that they do not represent the real, non-linear control algorithms needed in an automotive APU system. Excel Calc blocks -Also not visible on the flowsheet are supporting / coupled calculations performed by Excel during the solver loop. Aspen interfaces with Excel multiple times during each convergence in order that simple arithmetic calculations can be embedded in the model. For example, this approach was used to compute (among others):
1) The correct amount of reformer air for a given desired reformer equivalence ratio 2) Fuel utilization as input to a controller, which adjusts input fuel, based on a utilization target. 3) Fraction of the enthalpy of combustion which is converted to electrical energy. Note here again that the assumed or calculated cell voltage is very important in determining what this "heat to electric" power should be. 4) Amount of heat to be transferred between two streams when a standard heat exchanger is not applicable.
Calc blocks can also be accomplished in Fortran within Aspen, however Excel is easier to use.
STEADY STATE PERFORMANCE RESULTS -The
Aspen system model was used to predict system performance including material flows, temperatures, compositions, heat transfers, and overall system efficiency.
Reformate Quality - Figure 2 shows the trend of how H 2 and CO produced by the reformer vary when two system parameters are varied. These results take into account the reality that the temperature of the reformate will be varying as the heat transfer between the recovery burner and the reformer changes with system operating point. Reformer performance versus equivalence ratio Figure 3 shows the results of a specific portion of the Aspen model (the reformer section) applied for subsystem performance evaluation. The plot shows the output stream concentration results for a sweep of the inlet equivalence ratio. Note that an equivalence ratio of about 3 is predicted to result in maximum H 2 production in the reformer. From these analyses, we have determined the acceptable equivalence ratios at which one can expect to run without solid carbon formation in the system.
System Efficiency - Figure 4 shows the trend of another system parameter on system efficiency. The system parasitics, including the air pumps are also included in the calculation. As this system parameter is increased, controllers in the model adjust other inputs (e.g. fuel and air) to levels which result in the desired power. Of course as system efficiency improves, the input fuel required for the same power decreases. Cycle Efficiency -The performance of the overall APU system depends not only on how it performs while it is on -but also how it performs while it is off. Since there is significant stored thermal energy in the stack, reformer, and other hot components in the system, a significant amount of energy must be applied to heat these components from soak down temperature to operating temperature.
System Efficiency versus
While the system is off (defined here as not burning fuel), a small amount of heat will be lost to the outside world. To understand the impacts of various levels of thermal mass, enclosure insulation properties, and on-time versus off-time cycles, an Excel model was developed. The results are shown in Figure 5 . Note that the average system cycle efficiency is improved as the percent on time increases. Dynamic System Performance Model -One of the key performance requirements for an automotive APU is the ability to start quickly. Further, APU control system development is aided by exercising a plant model in the environment in which system control is constructed. In order to answer questions regarding how the system will perform under transient conditions, a dynamic system model written in Matlab / Simulink has been undertaken. The Matlab / Simulink environment is easy to use and is the environment of choice for control development at Delphi. Constructing the dynamic model in Matlab makes it directly incorporable in the intended control environment. This dynamic plant model is currently running with fixed stream composition determined a-priori from modeling and experiment, however work is underway to include Gibbs reactor like functionality within the Matlab model in order that composition and heat release can be more accurately represented.
STACK ANALYSIS
Stack pressure drop and flow -Multiple stack designs have been considered. One important aspect of stack performance in an efficient system is the pressure / flow relationships for both the reformate (fuel -anode side) as well as the air (oxidant -cathode side). Design requirements dictate that these flows be well distributed (within a few percent on the anode side), require low pressure drop (on the order of a few kPa), and take minimum system volume. Optimizing these three simultaneously required substantial 1-d and CFD analysis of the (at temperature) flow distributions. Figure 6 -Cell to cell flow imbalance Figure 6 shows cell flow imbalance versus design changes. During this development, guidelines with respect to manifold design on the inlet and the outlet side were developed. The result is a target design, which has cell-to-cell flow variation predicted to be within target requirement.
SOFC STACK PERFORMANCE MODELS
1-D Electrochemistry Model -The Excel spreadsheetbased SOFC stack model, which was mentioned earlier, is included in the Aspen-based system model. It predicts stack voltage responses to changes in fuel composition, fuel flow rate, stack temperature and current demand, with response characteristics that are adjustable to changes in stack component materials and dimensions as well as to electrode porosity.
The spreadsheet-based stack model accounts for overpotentials due to the following: 1) ohmic resistance of the cell components 2) contact resistance at electrode-current collector interfaces 3) charge transfer at the electrodes 4) diffusion of reactants into and products out of the porous electrodes
The initial set of equations was derived from the work by Kim et al (1), with several modifications and additions. The model substitutes an approximation of the Butler-Volmer equation that was suggested by Riess and Schoonman (2):
where V B-V is the overpotential, R is the gas constant, T is the temperature, α is the charge transfer coefficient, and i is the current density. The exchange current density, i 0 , is given by:
where P 0 is a pre-exponential factor and E 0 is an activation energy. In this semi-empirical treatment, the charge transfer coefficients for the anode and the cathode are combined into a single term, α, and the pre-exponential factor, P 0 , for the exchange current density is treated as a constant
The model contains numerous adjustable parameters, some of which are well known for a given data set.
Other parameters can only be loosely approximated and it is these that are adjusted to fit the physical data. For example, the data set in Figure 7 was generated during single-cell tests with an anode-supported 10 µm YSZ electrolyte (3). Parameters that were well known included cell temperature (750°C), anode gas composition (hydrogen, diluted with nitrogen and then bubbled through water prior to heating), anode gas flow rate (high, giving low fuel utilization), cell component thickness and cell component ohmic resistance. The approximate anode porosity was determined from Archimedes measurements to be near 35% and the tortuosity, τ, was initially assumed to be 3. However, the Butler-Volmer approximation terms, α, P 0 and E 0 were not known.
To generate the set of lines shown in Figure 7 , the less-known parameters, α, P 0 and E 0 , were adjusted until the model gave a reasonable fit to the data taken at the 73% hydrogen level. Because the experimental apparatus leaked some oxygen into the anode, the data have open circuit voltages that are about 0.06V below the open circuit voltage (OCV) predicted by the Nernst Equation. The model does not account for the effect of a gas leak, and so does not fit the data well at low current densities. 
Figure 7. Predicted and measured cell polarization
To generate the remaining six lines in Figure 7 , only the anode gas composition (%H 2 ) was changed; all of the parameters that were adjusted to fit the 73% H 2 data were left constant. In a sense, we can say that the model was calibrated to fit the I-V response at 73% H 2 , and then used to predict the I-V curves for the other anode gas dilutions.
In order to fit the downward curving "tail" for the curves at the high-current end for the 49%, 24% and 10% H 2 conditions caused by anode depletion, an artificially high value of 17% had to be used for the anode tortuosity. The reason for this inconsistency is under investigation. CFD based electrochemical model -Although previous modeling efforts (Costamagna and Honegger (4), Ferguson (5) , and Ferguson, et.al. (6)) addressed 3D modeling of planar SOFC stacks, the current effort is unique as it is focused on the development of comprehensive modeling tools for both steady state and transient operations. Current efforts also include the development of an electrochemistry model coupled with the computational fluid dynamics (CFD) code, STAR-CD for calculating current density, cell voltage, and heat production in SOFC stacks with hydrogen or other fuels.
The electrochemical code coupled with STAR-CD uses the same basic input and output as the spreadsheet model described earlier, but treats a small section of a single cell (i.e., a finite volume or mesh region or node). In essence, the spreadsheet model has been discretized to enable studies of temperature, current density and specie distribution for one fuel cell plate.
A numerical grid is generated in the plane of the cell resulting in finite volumes. The model accepts the cell voltage (the most frequent experimental condition), and uses a root solver to rapidly find the local current in each finite volume. STAR-CD code operates on a finite volume-by-finite volume basis. This approach requires that the STAR-CD code be able to provide temperature and chemistry from adjacent finite volumes, i.e., changes in the chemistry of a fuel gas finite volume must know the temperature of the adjacent cell finite volume, because that is actually where the reactions occur. The programming effort required for one finite volume to know the properties of an adjacent finite volume appears common to most CFD codes.
STAR-CD solves the Navier-Stokes and transport equations to obtain the flow, species concentration and temperatures at each time step. The EC model calculates the local current distribution based on the applied voltage and local conditions. The current is used to calculate the local hydrogen combustion rates.
It is assumed that anode gas compositions are determined by attainment of equilibrium for the watergas shift reaction. The sensible heat generation is given by the enthalpy of combustion of the fuel minus the delivered electrical work (i.e., |Q| = |∆H| -|W e |, where ∆H is the enthalpy of combustion of the gasses, Q is the sensible heat, and W e is the electrical work). Heat generation rates and species source rates are supplied to STAR-CD from the EC model based on the local hydrogen combustion and shift reaction rates. The species concentration and temperature distributions are then calculated for the next step.
The integrated EC-STAR code can be used to address: 1) Determination of fuel distribution and utilization within each cell in the stack, 2) Thermal management of heat generated by reactions, 3) Required stack flow uniformity, and 4) Possibility of fuel starvation due to specie stratification.
The integrated EC-STAR code was tested extensively. Figure 8 shows results for a 1 cell with a 10 cm x 8.96 cm active area. For the results in Figure 8 , the fuel composition is 50% H 2 , 3% H 2 O, 1% CO, 1% CO 2 , and 45% N 2 , and the flow velocity through active region (average), 2.4 m/s. The initial temperature is 1023 K and the inflow boundaries are maintained 1023K.
In Figure 8 (a) the oxygen concentration decreases along the air stream and reaches a minimum value at the air exit/fuel inlet corner. The hydrogen concentration gradually decreases as a result of the electrochemical oxidation of the fuel while flowing towards the fuel outlet resulting in the concentration profile shown in Figure 8 (b) . At just the air outlet, the temperature of the cell is maximum in Figure 8 (c). STACK ANALYSIS -One of the most challenging requirements of the SOFC APU is that of quickly warming from an ambient temperature to operating temperature. Simulation results from these codes, modified with the electrochemical model, are being used to determine thermal profiles and mechanical stresses during steady-state SOFC operation.
Transient thermal-fluids and thermal stress analyses for stack modeling -During fast startup or fast cool down, thermal stresses that develop within the fuel cell stack must be maintained within an acceptable level. The stresses are a consequence of CTE mismatch and temperature gradients. It is necessary then to model the flow of heat and mass transfer through the fuel cell stack to describe the transient temperature distribution.
The predicted transient temperature distributions, computed here by CFD models, are used as input to the FEA code to predict the thermal component of the stress. Knowledge gained of the stress in the stack can be used to establish control parameters during transient operations.
Thermal-Fluids Stack Modeling -The thermo-fluids modeling of the fuel cell stack is being performed using the commercial CFD code, Star-CD. Submodels containing the full geometric detail of individual interconnect features, such as a single air flow channel, calculate the pressure drop and heat transfer coefficient for particular channel and interconnect dimensions. These conditions are imposed in the full stack model. The full stack models are then able to solve the bulk flow and heat transfer conditions. With this approach, similar configurations can be tested parametrically using a single full-stack model. These full stack simulations were an extension of the single channel models, therefore the material properties remain the same.
Several start-up simulation cases were run using single model geometry. This geometry is shown in Figure 9 . The upper left portion of Figure 9 shows the full stack geometry. The air (cathode) outflow manifold is sized larger than the inflow manifold to ensure uniformity of flow throughout the stack height. Heating air is introduced at the bottom left hand side of the stack (narrower manifold), travels across the interconnect channels, and exits downward at right (wider manifold). The "zoom" view of the stack at upper-right in Figure 9 shows more detail of the grid. Details of the individual flow channels are simulated using a porous media model in the active area. This 3-dimensional model contains 470,000 computational cells. We have investigated several stack designs and will present results for a representative design. Thermal stack simulation for this case reached operating temperature of 700C in about 25 minutes. Thermal gradients in the cell were significant (230°C or less within each cell). Figure 10 shows the temperature distribution in the cell at 25 minutes. The maximum temperature occurs at the inlet cathode side of the cell.
Air -Inflow manifold
We investigated several design options for minimizing the temperature and stress gradients. Some of these options include:
• Temperature control of the inflow and stack wall temperature allows start-up time to be minimized while avoiding excessive thermal stresses. While heating the outer wall of the stack assists in transferring heat to the stack, it does not provide enough heat to reduce thermal gradients within the stack during rapid startup.
• Simulations of shorter, less massive stacks show promise for achieving the goal rapid start-up with acceptable thermal stresses.
Transient Thermal Stress Modeling
The temperature distributions at a given time, obtained from CFD analysis, were then used to calculate the stresses in the stack. An FEA model was generated using ANSYS to predict mechanical failure that could result from excessive stresses due to the mismatch of thermal expansion coefficients of the cell materials. Each cell consisted of cell (cathode, electrolyte and anode), cathode and anode spacers, interconnect, and glass seals. The Young's moduli and the thermal expansion coefficients of the component materials were assumed to be temperature dependent, while Poisson's ratios were assumed constant. All of the materials were assumed to be isotropic.
The failure criterion adopted here is based on the strength of the cell materials and the principal stresses developed by the thermal loading. To visualize the stress concentration in the interconnect, von-Mises equivalent stress is calculated and compared with the yield strength of stainless steel 430 series. It is possible that crack initiation and propagation can occur along the interfaces between the components, but the study of interfaces is beyond the objective of the current study. The cathode and anode spacers were 430 stainless steel, and the same material properties as the interconnect were used. It should also be noted that the cell structure was modeled as 3 layers (i.e. the anode, electrolyte and cathode).
M a x i m u m t e m p e r a t u r e Air flow direction The ANSYS model was built using 8-node solid brick elements. To generate a 3-D model, a 2-D "footprint" that had all the necessary areas and boundary lines to represent every component in the cell was made in advance. The same footprint would be used for both CFD and FEA models so that the temperature data could be transferred from CFD to FEA seamlessly. The footprint was then expanded to a 3-D model for a 3-cell fuel cell stack. One cell is composed of a metal interconnect (75 µm), an anode spacer, a cell, and a cathode spacer. Mesh refinement was used where large stress gradients were expected, such as around the corners.
A finite element model of a three-cell stack was constructed. In the model the cell is modeled explicitly as a layered structure. The highest stress in the cell was observed at the air outlet side. The maximum principal stress in the anode was 49 MPa. The highest stress occurred at the corner radius of the air inlet manifold in the metal interconnect as shown in Figure  11 Maximum stress =82 MPa Stress = 20 to 30 MPa -9.0 to 0.5 MPa Figure 11 . Equivalent stresses in stainless steel components
CONCLUSION
We have provided an overview of the analysis complement employed by SOFC based APU team. Good agreement between predicted performance and experimentally observed performance has been obtained. This "multi-tool" approach to overall system and component development has been an important factor is the rapid technological advancement of our system.
